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Searchforνs

Cosmologyandneutrinoexperimentsdiscoveredsomethingnew.

Newexperimentswilltestminimaltheoriesandsearchforthe

unseeneffectsthattheysuggest:θ13,CP�
�

�

,mν;n−1,r,CDM...

Whatelsecouldtheseexperimentsdiscover?

Theyaregoodprobesof...



Newlightparticles

νarenotthebestprobeofheavyparticles:highenergyisSU(2)Linvariantand

itiseasiertodealwithe.Beinglight,γ,ν,gµνaresensitivetolightparticles,

whichcanbesearchedforwithcosmology,astrophysics,νexperiments.

Colliderssearchfornewheavyparticles.Betteriftheyhavefundamentalim-

portancefortheoryorcosmoorastroor...E.g.neutralino:SUSY+CDM

Anylightnewparticlewouldbeakeydiscovery:

•PresumablylightnessfollowsfromsomeDeepPrinciple.

•Presumablyalightparticleisstableenoughforaffectingcosmo,astro.

(Trueforknownlightparticles:γ,gµν,ν).



Whichspin?

νinteractwithnewlightparticlesindifferentways,accordingtotheirspin:

gννϕ ︸︷︷︸

0,minimal

ν̄γµν∂µϕ
︸︷︷︸

0,Goldstone

mννs ︸︷︷︸

1/2,minimal

(ν∂µνs)Zµv/M
2

︸︷︷︸

1/2,Goldstino

gν̄Aµν
︸︷︷︸

1

CouplingsgiveextraMSWeffects(g2/m2evenifm<Eν),ν-decay,reduced

free-streaming.Insomem,grangethisiscompatiblewithstar/SN/universe

cooling.Mixingwithexistinglightparticlesdoesnotneedcouplings:

photon/axion,graviton/...,ν/νs

Addingneutralfermionsisthesimplestextenstionofthemassiveνscenario.

νsarethestandard‘emergencyexit’fromanomalies(solar,atmospheric,LSND,

NuTeV,pulsarkicks,r-nucleosynthesys,Karmen,lowChlorinerate,upturnin

solarspectrum,solartimedependence,warmdarkmatter,reionization,galactic

ē,lowerGalliumrates,...).

Butsofartheidearemainedsterile...



Whyνsshouldbelight?

¿Whyνsisnotveryheavy(PlanckorFermiscale)?

Maybeforthesamereasonwhyνarelight:chiralsymmetry(newgaugegroup).

Takentotheextemesuggests‘mirrormatter’:asectoridenticaltotheSM.

Flavoursymmetriesofν,suchasLe−Lµ−Lτcouldactatlowenergy.

AplethoraofcandidatesfromSUSY,extradimensions,strings,M-theory

(Axino,Branino,Composite,Dilatino,Extra-dνR,Familino,Goldstino,...).

Inanycase,lightfermionsarestableunderquantumcorrections.

¿Whyνsisnotmassless(eV-scalemassesandmixings)?

MaybePlanck-suppressedcorrectionsms∼v2/MPl>
∼µeV.

Manyothermodel-dependentmechanismscanbeintroduced.

Thesewouldbemainquestions,ifνswerefound.Nowmainissueissearching.

Theorydoesnothelp:toomanyanswers=noanswer...



Predictions

forthenumbernsofνswithmassesmsandmixingsθsarenotveryrestrictive

0≤ns<∞0≤ms<∞0≤θs<360◦

becausetheoristsworkedalot,butflavourremainsnotunderstood.

Goodtasteallowstoguesssomepatterns:

SmallmLL::θs'
√

mactive/ms

SmallmRR::θs'
√

ms/mactive

DominantmLR::θs'π/4

wherem=

(
νLνR

νLmLLmLR

νRmLRmRR

)

Ingeneraltheseholdasestimates,vailduptofine-tuningsoruptospecific

structures.Noparticularimplications.Bettertoperfom360◦searches.



Signalsof1νs



4νmixing

Add1νs.Neutrinomixingnowdescribedby3extraparameters:convenient

touseamixingangleθsandaversor~nthattellswhichactiveνmixeswithνs.

6representativecases:

Mixingwithaflavoureigenstate

~n·~ν=νeorνµorντ

νsoscillatesat3different∆m2,

twoofthemknown:∆m2
sun,atm

e
eµτ

µτ

s

ν1

ν2

ν3

ν4

νµ/νsmixing

e
eµτ

µτ

s

ν1

ν2

ν3

ν4

ν1/νsmixing

Mixingwithamasseigenstate

~n·~ν=ν1orν2orν3

νsmixeswithaneutrinoofmixedflavour

at1∆m2
4iwhichcanbearbitrarilysmall.

Usual‘bounds’onνsfromsunoratmcorrespondto

νs/νµ,τandlarge∆m2whichisnotrepresentative



Solarneutrinos

Usualanalysis:νe→ηνs+
√

1−η2νµ,τgivesη=0±0.1dominatedbySNO.

Suchenergy-independentηisobtainedforνs/νµmixingwithlarge∆m2.

Butthingscanbequalitativelydifferent:

0.1110
EnergyofsolarneutrinosinMeV

102

104

106

108

1010

1012

1014

Flux
in

cm
-2s -1

0 %

20 %

40 %

60 %

80 %

100 %

Survivalprobability Gallium
Chlorine

Water
pp

CNO

Bepep

hep

Bday

night

Averagedvacuumoscillations

P(νe→νe)=1−
1

2
sin

2
2θ

Sunemitsν1(∝cos
2
θsun),ν2

Criticalenergy

∆m2
sun

GFNe
∼fewMeV

AdiabaticMSWresonance

P(νe→νe)=sin
2
θ

Sunemitsonlyν2

AνsthatmixesorMSW-crosseswithν1dominantlyaffectssub-MeVsolarν



Statusofνs/ν1mixing

Active/activeeffectsfullyincludedassumingnormalhierarchyandθ13=0
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*Thissentencecorrectlysummarizestheresultofahiddentrick.Largeactive/sterilemixingisalreadyexcludediftheirmasssplittingistoolarge:weswaptheirmassesabovemaximalmixinginordertocoveramoreinterstingsliceoftheparameterspace.Detailsinhep-ph/0403158.



νs/ν1:solarneutrinos
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Galliumexperimentsarecrucial.

Measurepprateat2%!

Borexinoday/nightat2%

Borexinoseasonalat2%

MtonWČ:AES
d/nat0.005.
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νs/ν1:cosmology

If∆m2>
∼10−5eV2νsproducedbeforeTνdecoupling∼MeV.Belowνe,µ,τdepleted.
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Compatibilitywithminimal

cosmology:ΛCDM,flatn.

5Nνobservables:redundant?

BBN4He:N
4He
ν=4disfavored?

N
4He
ν=

?
2.7±

?
0.7

4Heaffectedbyνe,depleted

beforeBBNif∆m2>
∼10−8eV2.

DeuteriumandCMBnow

N
D
ν≈N

CMB
ν≈3±2

butcan/willimprove(±0.2)

LSSsensitivetomν(i.e.Ων?)

Interactingνorνsreducefree-streaming(CMB‘peaks’shifted,clusterings)



νs/ν1:corecollapsesupernovæ
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MSWresonancemostlyfor

tanθs>1(butpeculiarYeprofile)

Needaexp/thcompromise:ν̄e

ratewillbethemainobservable?

Maxeffect:Φν̄e=sin2θsunΦν̄µ,τ:

70%deficitexcludedbySN1987?
Spectraldistortionsaroundsides

ofMSWtriangles
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νs/ν1:terrestrialexp.s

νs/ν1inducesP(ν`→νs)∝θ2
sandP(ν`→ν′

`)∝θ4
s(`={e,µ,τ}).

CHOOZ,Bugey(Karmen,CDHS,CCFR,Nomad,Chorus)betteratsmallθs.

AtmosphericexperimentsSK,K2K,MACRObetteratsmaller∆m2
14.
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Futurereactors

•Searchnonstandardsterilesignalsinatmdata.•Builddouble-CHOOZ.



νs/νother
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Resultssimilartoνs/ν1withonequalitativedifference:ifνeisnegligibly

involvedinsterilemixingcosmologybecomesthemainprobe



Otherprobes?

Otherprobesarepotentiallysensitivedowntomuchsmaller∆m2.But...

Relicsupernovæν̄e:initialfluxuncertain.Energyspectrumunaffected.

Neutrinoastrophysicsathighenergy:intialflux,energyspectrumunknown.

Expectedflavourcomposition:Φe:Φµ:Φτ=r:1:1withr=1.

Butr<1ifsomeµcannotdecay.Butdifferentspectra.

νsnegligiblyaffectΦµ/Φτ(ν1,2,3containroughlyequalamountsofµandτ).

νscanmodifyΦe/Φµ,τ,buthardtomeasureΦe.Couldbe(?)reconstructed

fromtheshowerrate,proportionaltoCCe+NCe,µ,τ.

DirectdetectionofCMBneutrinos:sensitivetoν/νsoscillationsafterBBN,

i.e.∆m2<
∼10−8eV2.Ratewellknownandridiculouslysmall:seeyouatNu2040

(unlessextrainteractioncouldmakeνclusteredenough)



Signalsof∞νs



νRinflatextradimensions

Theminimalmodelpredicts,intermsoftheradiusR,atowerofsterileνnwith

mn∼
n

R
,θn∼

mν

mn
n=1,2,3,...

MuchstudiedbeforeSNO,SK.Somethingsurvives:SNandvirtualeffects.

1/R>
√

AEν∼103eV(i.e.R<
∼Å)inordertoavoidMSWresonancesinsuper-

novæ.Actually1/R>102eVallowedwithanon-standardSNexplosion(some

energylostintoKK,chemicalcompositionmodifiedsuchthatAe=0,non

standardflavourratiosinνfluxes).Predictionsstudiedinnonminimalmodels.

νnR

HH∗

LL−−

γ

νnRL LE
H

P(νi→νj;L≈0)∼|ε
2
ij|,BR(`i→`jγ)∼|eεij/4π|

2

P(νe,µ→ντ)competitivewithchargedleptons,suppressedbyaloop.

εij∼10−few.Minimalmodelpredictstheflavourstructureεij∝(mνm†
ν)ij.



Executivesummary/gosplan
(suggestingisalwayseasierthandoing)

Astroph/cosmo/νexpscanprobedifferentpatterns.Mainνssearchesseem

•MeasureN
4He
νandND

νandNCMB
ν:differentphysics,differentsystematics.

Todaynonediscriminates3from4(extraνs)from3+4/7(extraspin0).

Minimalsubset:testN
4He
ν

?
=4andmeasureNCMB

ν.

LargeScaleStructures+CMBtestνswithsmallabundancyandms∼10eV

•Measurebetterlowenergysolarν:νscouldmanifestonlythere.

AlsoDoubleChooz,MtonWČ,Monolith-ino...

•Testifthethenextsupernovaνburstisstandard.

Ifexplodestomorrow,theoreticalerrorswoulddominate.

Anomalousνcouplingsfrommixingwithextra-dνR(orwith4dpseudo-Dirac).

ReducedNFreeStream
νfromnewlow-energyinteractions:testwithCMB/LSS.

ThankstoCirelli,Marandella,Vissani



Backupslides

FAQ:

1)Relate~ntoV

2)Whatisνs/ν1levelcrossing?

3)Howcomputationsaredone?

4)Howfitsaredone?

5)RelateNνtotrueobservables

6)LSND?

Otherquestionsareattheasker’srisk



Hiddendetails

4×4mixingVintermsof:3×3mixingU,amixingangleθsandaversor~n

~n·~ν=neνe+nµνµ+nτντ=n1ν
a
1+n2ν

a
2+n3ν

a
3

V=

(
νiν4

ν`U`i−nin∗
`(1−cosθs)n∗

`sinθs

νs−nisinθscosθs

)

.



LevelcrossingsinthesunandinaSN
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(Howtocompute

4νanalysesareordersofmagnitudemoredemandingthanusualfits.

Computeoscillationsusingthematrixdensityinthemasseigenstatebases.

1)Whendensityisconstant,thisallowstoanalyticallyaverageoverfastoscil-

lations:givesmallimaginarypartstooscillationphases.

2)WhenρchangesinasharpwayU=V†
m(r<
∼R)·Vm(r>

∼R)

(e.g.air/mantle,mantle/coreintheearth;MSWresonancesinthesunorSN).

Iflevelsiandjcross,Uisarotationwithangleα=90◦inthe(ij)plane.

3)Whenρchangesinanotverysharpwaytherotationangleisgivenby

tan2α=PC/(1−PC),wherePCisthelevelcrossingprobability.



Howtofit)

IncludeuncertaintiesonactiveparametersinGaussianapproximation:
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Cosmologicalobservables

parameterizedintermsof“effectivenumberofneutrinos”

Yp'0.248+0.0096ln
η

6.1510−10+0.013(N
4He
ν−3),

YD
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LSND

Fullcomputationconfirmsestimates:3+1impliesnonstandardcosmology
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